Abstract-
I. INTRODUCTION
Doubly-fed induction machines (DFTM) have been proposed in the literature, among other applications, for high performance storage systems [2] , wind-turbine generators
[12] [141 or hybrid engines [3] . The attractiveness of the DFlM stems primarily from its ability to handle large speed variations around the synchronous speed (see [16] for an extended literature survey and discussion.) In this paper we are interested in the application of DFIM as part of an autonomous energy-switching system that regulates the energy flow between a local prime mover (a flywheel) and the electrical power network to satisfy the demand of a time-viuying electrical load.
Most DFTM controllers proposed in the literature are based on vector-control and decoupling [SI. Along these lines, an output feedback algorithm for power control with rigorous stability and robustness results is presented in
[16]. In this paper we propose an alternative viewpoint and use the energy-based principles of passivity and control as interconnection [4] [7] [IO] [17] . More specifically, we prove that the Interconnection and Damping Assignment Culas B a l k is wilh thc D e p m e n l of Applied Mathematics N, ductance, inertia and friction parameters, respectively. Selfexplanatory sub-indices are introduced also for the signals and parameters of the different subsystems. Finally, to underscore the port interconnection structure of the overall system we usually present the variables in power conjugated couples, i.e., port variables whose product has units of power.
11. THE SYSTEM AND ITS MATHEMATICAL MODEL . .
Notice that, since TT = T-', this is a power-preserving transformation:
As it is common, from now on we will work only with the two first components (the dq components) of any electrical quantity and neglect the third one (the homopolar component, which is zero for any balanced set and which, in any case, is decoupled from the remaining dynamical equations.)
The electrical equations of motion in the original windings frame for the dq variables, neglecting nonlinear effects and non-sinusoidal magnetomotive force distribution, take the form [6], where X,,X,,i,9,i, E.R* and R, = diag(T,,r,) > 0, R, = diag(r,, T -~) > 0, while the mechanical equations are given by (we assume without loss of generality a 2-poles machine) (2) and (3) we get X + Ri = V , where
The steady-state for the equations above are periodic orbits that can be transformed into equilibrium points by means of the so-called Blondel-Park transformation2. This standard procedure also eliminates the dependence of the equations on 8, and consists in defining new variables f'
where 6 is an arbitrary function of time that, for convenience, we choose as 6 = w., with we the line frequency, which is assumed constant.'
As discussed in [4] (and references therein) a large class of physical systems of interest in control applications can be modelled in the general form of PCH systems4 and storage function the total energy. To cast our system into this framework it is convenient to select as state coordinates the natural electromechanical Hamiltonian variables, fluxes (A) and (angular) momentum (J,u) , that is where, for convenience, we have introduced a natural partition between electrical ( z , E R4) and mechanical (z, E R)
coordinates. The equations of our system can be written as 
POWER FLOW STRATEGY
The power management schedule is determined according to the following considerations. The general goal is to supply the required power to the load with a high network power factor, i.e., Q, -0, where Q, is the network reactive power. On the other hand, we will show below that the DFIM has an optimal mechanical speed for which there is minimal power injection through the rotor. Combining these two factors suggests to consider the following three modes of operation:
-(Generator mode) When the real power required by the local load is bigger than the maximum network power (say, P:') we use the machine as a generator.
In this case we fix the references for the network real and reactive powers as P: = Pk' and Q; = 0.
-(Storage mode) When the local load does not need all the network power and the mechanical speed is far from the optimal value the "unused power network is employed to accelerate the flywheel. From the control point of view, this operation mode is the same that the generator mode thus we fix the same references-hut now we want to extract the maximum power from the network to transfer it to the flywheel. -(Stand-by mode) Finally, when the local load does not need all the power network and the mechanical speed is near to the optimal one we just compensate for the flywheel friction losses by regulating the speed and the reactive power. Hencefonh, we fix the reference for the mechanical speed at its minimum rotor losses value (to be defined below) and set Q:, = 0.
The operation modes boil down to two kinds of control actions (we call them 0 and 1) as expressed in Table I? where L > 0 is some small parameter.
In order to formulate the power flow strategy described above we need to express the various modes in terms of equilibrium points. In this way, the policy will he implemented transferring the system from one equilibrium point to another. Towards this end, we compute first the fixed points of our system, i.e. the values z,* = Ci*, z; = J,w*,
Explicit separation of the rows corresponding to the stator, rotor, network and mechanical equations yields the following system:
L.~i~?'&if -B,w* = 0 . (8)
It is clear that-assuming no constraint on U,-the key equations to be solved are (6) and (8).
As discussed above, a DF' LM has an optimal mechanical speed for which there is minimal power injection through the rotor. Indeed, from (7) one immediately gets
where 1. I is the Euclidean nom. Further, using (8). we get P, = B,w*(w* -w. ) + R J i y . (9) Although the ohmic term in (9) does depend also on U , its contribution is small for the usual range of parameter values, so lP,,l is small near U * = w,. Another consideration that we make to justify our choice of "optimal" w* concerns the reactive power supplied to the rotor-that we would like to minimize. It can he shown that
where f is a bounded function. Consequently, QT = 0 for w* = w. . Taking this into account, we will set the reference of the mechanical speed as w* = U,.
Assuming a sinusoidal steady-state regime, the network active and reactive powers are defined as In generating (and storage) mode we fix P, ' = Pt' and Q:, = 0 thus immediately obtain from (IO) and (11) that i; = [%,0lT. Next,,from equation ( I ) and the measured il we obtain if which, upon replacement on (6) yields i : .
Then, w* is computed from (S), and finally v3 is obtained via (7).
For the stand-by mode we still set Q; = 0, but now fix U* = U$. This is a more complicated scenah as we have to ensure the existence of if and if solutions for the nonlinear equations (6) and (S)! First of all, multiplying equation (6) by iT and using equation (8) one gets
This is a quadratic equation that has an infinite number, a unique, or no solutions depending on whether us is smaller, equal or larger than: A respectively. Since B, is usually a small coefficient typically there will be an infinite number of i : that solve the equation. We will choose then the one of minimum n o m . Once we have fixed if we can proceed as in the generating mode to compute a: and U,?.
Before closing this section we make the interesting ohservation that, under the assumptions that the load can be modelled as a linear RL circuit and small friction coefficient, we can get a simple condition on the load parameters that ensure the existence of U* and P;, with Q; = 0. hence it always has a real solution for pure resistive loads, but the condition (13) appears when an RL load is connected.
IV. CONTROLLER DESIGN
As mentioned in the Introduction, to implement the proposed power flow strategy we design an IDA-PBC [IO] .
The central idea of this technique is to, still preserving the PCH stmcture, assign to the closed-loop a desired energy function via the modification of the interconnection and dissipation matrices. That is, the desired target #dynamics is a PCH system of the form 
, ( z ) and R,(z). Notice that
uus is fixed, so the only available control is in fact ur.
A. Conrml Law
Following the strategy outlined above to solve the PDE (15). we choose the following desired total energy which clearly has B global minimum ut the desired fixed point. This implies
The control action appears on the third and fourth rows, which suggests the choice where J,,nL(z) E Rzx' is to be determined, and we have injected an additional resistor T > 0 for the rotor currents to damp the oscillations in the tracking dynamic:s. Substituting in (17) and using the fixed-point equations, one gets, after some algebra,
Unfortunately, the control is singular at the fixed point. Although from a numerical point of view we could implement it by introducing a regularization parameter, we are going to show below that it is possible to get rid of the singularity by adding a variable damping which tums out to decouple the mechanical and electrical subsystems.
B. Subsystem Decoupling via Store-Dependent Damping
We keep the same &(z) and .7d(z), hut instead of the constant R, given in (17) 
[ ( z )
with T~ the electrical torque re = LS,.i%J2i,, and r,* = B,w* its fixed point value. When substituted into the closed-loop Hamiltonian equations, ( ( z ) is multiplied by w -w* and no singulatity is brought into the equations.
Since we have changed only the mechanical part of (171, only the value for &,,(a) is changed while the expression for U? in terms of JTm(z) remains the same. Using the fixed point equations, one gets
The closed-loop dynamical system takes the form (14) with
The main effect of the proposed control is to decouple the electrical and mechanical parts in the closed-loop interconnection and dissipation matrices.
C. Main Srabiliry Resu/r
Due to the fact that we cannot show that B, + ( ( a ) > 0, we cannot apply the standard stability analysis for PCH systems [17]. However, the overall system has a nice cascaded structure, with the electrical part a bonajde PCH subsystem with well-defined dissipation. where x1 E R", x2 E R, B > 0 and h is a continuous function. Assume that the system has fixed points z: . z; , and limt-+msl(t) = 21 for any zz(t). Then limt,+, z2(t) = z;. Proposition I : Consider the DFIM system (5) in closedloop with the static state-feedback control
If the motor friction coefficient B, is sufficiently small to ensure the solution of the equilibrium equations (6) For the purposes of testing the controller, we have set a maximum power network P, = 10000. The damping parameter is fixed at r = 100000. A hysteresis filter is used to prevent chattering around w = ws. Fig. 2 shows the load and the network active power for a purely resistive load for t E [0,4] . Notice that P,, is never bigger than its maximum value even if the load demand is higher. After the load demand retums to its initial value, P,"
is kept at its peak value to accelerate the flywheel, until it reaches the optimum speed. The evolution of w during this sequence is also shown in Fig. 2 ; the minimum attained represents 96% of the optimal speed w.. 
